A new modification of the quasi-field method for calculation of surface acoustic wave's devices was supposed, excluding the need for any phenomenological parameters. The results of comparison between the calculated and experimental data for the delay line on a lithium niobate crystal with nickel electrodes were demonstrated and a good agreement in amplitude-frequency characteristics and the time responses was shown.
Introduction
At present, the simulation using a combination of finite and boundary elements methods (FEM/BEM) which was considered for example in the works of Plessky et al. [1] or Yankin et al. [2] is used for accurate calculation of the characteristics of microwave acoustoelectronic devices -filters, resonators, delay lines. These methods, as well as strict field methods, are based on self-consistent solution of the boundary problem which was considered by Smith et al. [3] . They do not require using of phenomenological parameters, but they have limited application in the design of microwave devices on the surface acoustic waves (SAW) due to the large computation time, even for structures with small number of elements. Method of Mason's equivalent circuits which was considered by Mason and Thurston [4] , the P-matrices method [5] and the coupling-of-modes method (COM-method) which was considered e.g. by Plessky and Koskela [6] or Sveshnikov et al. [7] , are used for the faster calculation and optimization. These methods allow calculating the characteristics of the SAW devices with the required accuracy for relatively simple structures. However, it is necessary to determine a number of phenomenological parameters, such as average SAW velocity in the structure, reflection, transmission and scattering coefficients and others to use these methods.
In 2007 quasi-field (QF) method was proposed to calculate the SAW devices characteristics by Suchkov et al. [8] . This method is based on the precise calculation of the space SAW charge and the simple equivalent circuit model of the charge wave interaction with the metallized structure of an interdigital transducer (IDT). It allows modeling of the SAW filters and resonators with an arbitrary shape and location of the elements and does not require significant computing power. In this method, one phenomenological parameter was used, which was determined from the condition of equality of the calculated and the experimental levels of insertion losses, depending upon the substrate material.
In this paper, we report the modified QF method for calculation of the electrical characteristics of the SAW devices without using any phenomenological parameters and the results of the comparison of calculations carried out by this method and the experimental data for the delay line on a crystal of lithium niobate (LiNbO 3 128º YX cut) with nickel electrodes. The effectiveness of the method was also evaluated and compared to effectiveness of finite element method and of COM-method.
Description of the method
Using an exact solution of the boundary problem for SAW it is possible to build a simple and physically consistent equivalent circuit, which can be called "quasi-field" corresponding with the use of an accurate field calculation of the SAW by the method, which was proposed by Kazachkova et al. [9] .
We consider the case of a monochromatic SAW with a plane wavefront, excited by some input transducer propagating under the output IDT electrodes having an arbitrary shape and arrangement. Propagating in piezoelectric substrate, SAW generates a wave of electric space charge associated with it. The charge is mostly concentrated near the surface. This charge consists of alternating stripes of positive and negative space charge. Propagating under the electrodes of the n-th section, the SAW space charge zones induce charges of an opposite sign (Q n ) on the electrodes, see Fig. 1a . Thus, the electrodes charge current is generated by the SAW field (the ideal current source connected in parallel to the inter-electrode capacitance n ). This current passes through the impedance of the electrodes Z n and adds with the currents from the other parallel sections on the load Z L . The process for the IDT with pins of arbitrary shape, for example, zig-zag fan-shaped IDT, see Fig. 1b , can be represented by an equivalent circuit, see Fig. 1c . In this scheme, each current source corresponds to a gap between adjacent pins.
In this paper we propose a modification of the method, which allows excluding the phenomenological parameter . We use the boundary condition for the surface charge density =-D n , where D n is the normal component of the electric induction in the crystal at the boundary piezoelectric crystal -metal. Then it is possible to use the integration with respect to two coordinates. Then the IDT frequency response S(f) can be calculated as the ratio of the output electrical signal power to the input acoustic signal power .
The results of the calculation and comparison with the experimental data
To test the modified quasi-field method the comparison was performed using the calculated and experimental frequency responses of the SAW delay line. That delay line was made on lithium niobate with two identical nickel ITDs, see Fig. 2a . IDTs consisted of N=20 electrodes with the width D=500 nm and the thickness h=50 nm. IDT aperture W was equal to 90 mm, and the distance l d between the IDTs was equal to 580 microns.
SAW delay line operating in the band of about 2 GHz was fabricated using the electron beam lithography. Fig. 2b shows the scanning electron microscope image of the fabricated delay line IDT. The measurements of the frequency response were carried out by the network analyser Agilent Technology 8753ES. figure (dot-dashed line) . As one can see, the simulation characteristics, which were obtained by the both methods, are very close to each other in the amplitude and in the position of extreme points, and they are in good agreement with the experimental data.
It is very important to estimate the correctness of the calculation not only by the amplitude but also by the phase characteristics. Fig. 3b shows the calculated time response of the delay line S(t) under the pulsed excitation. It was calculated as the convolution of the complex scattering matrix element S 21 (f) with the spectrum of the radio pulse with the duration t=3 ns with a carrier frequency f 0 =1930.0 MHz. The pulse signal reaches the output IDT in 155 ns, which exactly corresponds to the predicted delay of a lithium niobate crystal for the distance between the IDTs l d =580 microns at the SAW velocity V SAW =3983,2 (m/s). The dependence also shows the so-called "three-span" and "five-span" signals. Circles on Fig. 3b show the amplitude values of the pulses corresponding to the results of the similar analysis of the experimental data. Note that the positions of the maxima in the experiment are matched with the calculated data with high accuracy.
In the second delay line 200 free nickel pins with a thickness of 50 nm were disposed in the middle of the gap between the IDTs with the thickness h r =50 nm and the width D r =500 nm, see Fig.4a . This structure operates as a 1D phononic crystal and has a band gap (5%) around the central frequency 1930 MHz, which is shown in Fig. 4b . We can see the good agreement too. 
Conslusion
Modified QF method allows calculating the complex frequency response of the SAW device with accuracy close to the strict field methods and the FEM. However, this method requires significantly less computational resources. In addition, the above method allows the calculation of the IDT and reflecting structures with numerous pins of complicated shape and location (including fan-type IDT, as it was considered by Suchkov et al. [8] , or apodizing phase-coding IDT, as it was considered e.g. by Sindler et al. [10] ), which is practically impossible to make by FEM and strict field methods.
